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Abstract: Planar silicon pixel sensors with modified n+-implantation shapes based on the IBL
pixel sensor were designed in Dortmund. The sensors with a pixel size of 250 µm × 50 µm are
produced in n+-in-n sensor technology.
The charge collection efficiency should improve with electrical field strength maxima created
by the different n+-implantation shapes. Therefore, higher particle detection efficiencies at lower
bias voltages could be achieved. The modified pixel designs and the IBL standard design are placed
on one sensor to test and compare the designs. The sensor can be read out with the FE-I4 readout
chip.
At the iWoRiD2018,measurements of sensors irradiatedwith protons and neutrons respectively
at different facilities were presented and showed incongruent results. Unintended annealing during
irradiation was considered as an explanation for the observed differences in the hit detection
efficiency for two neutron irradiated sensors. This hypothesis will be examined and confirmed in
this work, presenting first annealing studies of sensors irradiated with neutrons in Ljubljana.
Keywords: Hybrid detectors, Particle tracking detectors, Particle tracking detectors (Solid-state
detectors), Solid state detectors, Radiation-hard detectors, Radiation damage to detector materials
(solid state)
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1 Introduction
The ATLAS experiment [1] at CERN was equipped with the Insertable B-Layer (IBL) [2] between
the existing inner pixel layer and a new beam pipe during the long shutdown one to improve the
tracking performance. The planar and 3D sensors of the IBL are exposed to a high flux of ionizing
radiation because of the close position to the interaction point. The planar sensors are designed to
withstand a fluence of 5 · 1015 neq/cm2. They are produced in n+-in-n sensor technology and have
a pixel pitch of 250 µm × 50 µm [3, 4]. The 80 columns and 336 rows of pixels are read out with
the Front-End-I4 readout chip [5].
While operating the detector, the radiation damage of the sensors will increase their leakage
current and depletion voltage, whereas the charge collection efficiency decreases. In order to
continue to obtain a high particle detection efficiency, the bias voltage needs to be increased
gradually. Voltages up to 1000V can be applied to the sensors causing an increase in power
consumption. The higher power consumption produces heat which needs to be dissipated by the
detectors cooling system to prevent thermal runaway of the sensors’ leakage current. Therefore, a
higher detection efficiency at lower bias voltage is desirable.
New pixel implantation shapes were designed in Dortmund to achieve electrical field strength
maxima in the pixel and thus increase charge collection and particle detection efficiency at lower
voltages after irradiation [6].
In the proceeding Lab and test beam results of irradiated silicon sensors with modified ATLAS
pixel implantations [7], results of these proton and neutron irradiated modules were presented and
showed incongruent results. This paper now examines the hypothesis that an annealing process
caused the observed differences.
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2 Design of the Pixel Cell
The baseline for the new designs is the IBL pixel design (see figure 1, label V0). In the
250 µm × 50 µm pixel cell, the standard n+-implantation is located centrally with rounded cor-
ners to create a homogeneous electrical field in the pixel. Moderated p-spray is applied to isolate
neighboring pixel cells. In the upper region of the pixel cell the bump bond pad is visible which is
the connection to the readout chip. The bias dot with connection to the bias grid is positioned at
the other end.
Different n+-implantation shapes are realized in the REINER2 pixel designs V1 to V6 (see
figure 1): For the pixel designs V1 and V4, the n+-implantation is divided in four uniform segments
isolated with p-spray. The corners of the n+- implantation of pixel design V1 are rounded, while
they are rectangular for pixel design V4. Further division of the n+-implantation are used for pixel
designs V2 and V3. No isolation between the segments is used here due to reduced space. A
narrowed shape of the metal layer and the n+-implantation are realized in the pixel designs V5 and
V6. While in V6 the region for moderated p-spray is the same as for the standard pixel, the section
is increased to the inner part of the pixel cell for design V5.
The connection to the bias dot and bias grid is the same for all pixel designs and causes a loss
in efficiency as mentioned in [8, 9]. This will not be taken into account in this proceeding as it
focuses on the influence of the different pixel shapes.
Figure 1. Schematic drawing of the pixel structure and the shape of its components. The n+-implantation is
shown in blue, the metalization in grey. The areas with high p-spray dose correspond to the nitride-openings
as indicated in green. The bump bond pad is depicted in orange [7].
3 Sensors and Modules
The REINER pixel sensor permits measurement of all the described pixel types on one sensor. It
is produced in n+-in-n sensor technology with a bulk thickness of 200 µm. The pixel matrix of 80
columns and 336 rows is read out with the FE-I4 readout chip via bump bonds.
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The sensor is divided in eight structures consisting of ten columns and 336 rows of the same
pixel design. The outermost structures on the sensor comprise the standard IBL pixel design
(labeled as 05 and V0). In between these standard structures, structures with modified pixel designs
(V1 to V6) are placed (see figure 2, left). Each structure has its own p+-implant and two HV pads.
All structures are surrounded by thirteen guard rings beneath the second to last pixel column and
the last pixel column (see figure 2, right). In this way, measurements of the structures independent
from each other are possible.
To compare the performance of the different pixel designs, several sensors are bump bonded
to FE-I4 readout chips and tested before and after irradiation in irradiation facilities. The results
presented in this work are obtained with modules irradiated with neutrons at the TRIGA reactor
in Ljubljana [10] and at the Sandia Annular Core Research Reactor4. They are irradiated with
neutrons to target fluences of 1 · 1015 neq/cm2 and 5 · 1015 neq/cm2.
Figure 2. Left: P-side of a REINER pixel sensor with six modified structures and two IBL standard
structures (05 and V0). Right: Magnification of the area between two structures. The second to last and last
column of each structure are beneath guard rings [7].
4 Test Beam Measurements
The sensors are investigated in test beam measurements at the SPS-Beam Line H6 at CERN with a
pion beam energy of 120GeV and at the beam line 22 at DESY [11] with an electron beam energy
of 5GeV. With the EUDET-type beam telescopes ACONITE at CERN and DURANTA at DESY
the hit detection efficiency can be measured with a spatial resolution of less than 5 µm (CERN)
and 10 µm (DESY) [12]. A telescope consists of two arms, each equipped with three Mimosa 26
modules [13]. In between the two arms, a cooled box holds the Devices Under Test (DUTs). The
box is flushed with nitrogen and cooled using a chiller (CERN) or dry ice (DESY). A non-irradiated
IBL-type module is used as a timing reference sensor.
4https://www.sandia.gov/research/facilities/annular_core_research_reactor.html
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With this setup the REINER modules are investigated at different positions, bias voltages and
tunings of the readout chip. For irradiated REINER modules high efficiencies around 97% can be
reached for all pixel designs with a high bias voltage. Therefore, operation with a lower bias voltage
where differences in the performance of the pixel designs occur is desirable.
The traversing particles produce hits in the telescope modules and the DUTs which are recon-
structed to tracks using the software EUTelescope5. To get unbiased tracks the hit information of
the DUTs is not used for track fitting. About 200 k to 500 k events are collected in one "run".
The hit detection efficiency, as one part of the analysis of the performance of the DUTs, is
computed with the software tool TBMon26.
All reconstructed particles measured by the reference sensor and not in a masked, edge or noisy
region of the investigated sensor are used for efficiency calculation and called "tracks". If a "track"
is also measured by the investigated sensor, it is defined as a "hit". The hit detection efficiency of a
sensor  is calculated by the quotient of "hits" and "tracks":
 =
nhits
ntracks
, σ =
√
 · (1 − )
ntracks
(4.1)
To summarize the efficiencies for runs taken under the same conditions the mean efficiency
weighted with the number of tracks is calculated. The fluctuation of the efficiency from run to run is
determined with the Clopper-Pearson confidence interval [14] with a confidence level of γ = 95%.
For the lower interval limit the 1−γ2 -quantile and for the upper limit the
1+γ
2 -quantile are calculated
[15].
For the following section the efficiency is calculated by using only the four innermost pixel
columns of every structure to neglect the influence of guard rings.
5 Previous Results
The measurements presented in [7] showed that for non-irradiated modules the hit detection ef-
ficiency for the different pixel designs is consistent. But for modules irradiated with neutrons or
protons the hit detection efficiencies are not consistent. Even the two neutron irradiated sensors R1,
irradiated at Sandia, and R3, irradiated in Ljubljana, to the same target fluence of 5 · 1015 neq/cm2
andmeasured at the same voltage and tuning (3200 e threshold and a ToT response of 6 at a reference
charge of 20 ke) show dissimilar results (see figure 3, left). For the module R1, irradiated at Sandia,
the pixel designs with narrowed n+-implantation V5 and V6 reach the highest efficiencies at 400V.
No efficiency of the pixel design V0 was measured for module R1 as the beam spot was focused on
the left side of the module and did not cover pixel design V0.
For the Ljubljana irradiated module R3, the pixel design with narrowed n+-implantation V6
has the lowest efficiency while all other pixel designs have similar efficiencies of approx. 50%.
These diverging results might have been caused by the different neutron energy spectra of the
two irradiation facilities while another hypothesis is a different temperature of the modules during
irradiation leading to annealing of defects. In Ljubljana the maximum temperature of the modules
was 45◦C while they reached about 100◦C in the irradiation at Sandia (see figure 3, right).
5http://eutelescope.web.cern.ch/
6https://gitlab.cern.ch/tbmon2
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To test the annealing hypothesis, the modules R3 and R9 were irradiated with neutrons in
Ljubljana to different target fluences and were now annealed in several steps at 80◦C.
Figure 3. Left: Efficiencies of the different pixel designs for two sensors irradiated with neutrons to a target
fluence of 5 · 1015 neq/cm2 at 400V (Tuning: 3200 e threshold, 6ToT at 20 ke). R1 is irradiated at Sandia
while R3 is irradiated in Ljubljana. Right: Temperatur profile during the neutron irradiation of the module
R1 at Sandia.
6 First Annealing Results
For the annealing procedure the climate chamber is preheated to 80◦C before the module is inserted.
The temperature of the module is monitored and it is not biased during the annealing. The cooling
down afterwards takes place at room temperature and the module is put back in the freezer for
storage. After each annealing step IV scans and test beam measurements are performed at DESY.
To determine if differences in the efficiency occur with annealing at all, the intention was to
anneal a module for a long time. Therefore, the first annealing step of module R3 was three hours
at 80◦C. The following annealing steps lasted for two hours each. The results of the hit detection
efficiency for the different pixel designs for module R3 after several annealing steps are presented in
figure 4. For these measurements at 300V the module was tuned to a threshold of 1600 e and a ToT
response of 6 at a reference charge of 20 ke. The standard pixel designs 05 and V0 reach the highest
efficiencies for the non-annealed case while the pixel designs with narrowed n+-implantation V5
and V6 are less efficient compared to all other designs. This behavior appears to be independent on
the threshold as figure 3 on the left shows where the sensor was measured at a threshold of 3200 e
while in figure 4 the module was tuned to a threshold of 1600 e.
With the first annealing step of three hours the efficiency drops for all pixel designs except
for the designs with a narrowed n+-implantation. Compared to the standard pixel design, the hit
detection efficiency drops by 8% while for pixel design V5 the efficiency increases by more than
12%. After this first annealing step, the efficiency of pixel design V5 is even higher than the
non-annealed results of the standard designs. With further annealing steps the efficiency of the
standard pixel designs is almost constant, but for pixel designs V5 and V6 where the efficiency
increases.
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Figure 4. Efficiencies of the different pixel designs for the sensor R3 after various annealing steps at 300V
(Tuning: 1600 e threshold, 6ToT at 20 ke).
These results confirm the hypothesis that annealing caused the narrowed pixel designs to be
more efficient compared to the standard pixel design. To determine if this effect is dependent on
the particle fluence and to see when the effect becomes relevant, the module R9 was irradiated with
neutrons in Ljubljana to a target fluence of 1 · 1015 neq/cm2 and measured with a shorter annealing
step time of five minutes at 80◦C. The results of the hit detection efficiency for the module R9 at
100V, tuned to a theshold of 1600 e and a ToT response of 6 at a reference charge of 20 ke, are
presented in figure 5.
For the non-annealed measurement the pixel designs with narrowed n+-implantation have the
lowest efficiency. Because the beam spot is focused on the left part of the sensor, there is no data
point for the pixel design V0. After the first annealing step an increase in efficiency is visible for
the pixel designs with a narrowed n+-implantation and the standard pixel design. However, after
the second annealing step the efficiency decreases for all designs. Compared to the non-annealed
results, the efficiency after the second annealing step is still higher for the standard pixel design and
the designs with narrowed n+-implantation.
It is known, that annealing performed in a short time scale is able to reduce the effective doping
concentration in the sensor material and more signal at the same voltage can be measured. This
process is called beneficial annealing. In contrast, reverse annealing degrades sensor properties in
the long term. For more information on annealing effects see [16]. Beneficial annealing can explain
the higher efficiencies after the first annealing step of the module R9 for the shorter annealing time.
But with the second step the reverse annealing becomes dominant and the efficiency drops for all
designs. In case of the module R3 only the reverse annealing can be observed because of the long
term annealing of three hours at 80◦C.
The observed changes of the hit detection efficiency with annealing are caused by at least two
different effects. With annealing the depletion voltage and the charge collection efficiency change.
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Figure 5. Efficiencies of the different pixel designs for the sensor R9 after various annealing steps at 100V
(Tuning: 1600 e threshold, 6ToT at 20 ke).
Thus, if one of these effects depend on the pixel design, different hit detection efficiencies might be
observed. Also charge multiplication could explain the higher efficiencies, which was also observed
in [17, 18], where neutron irradiated n-in-p micro-strip sensors showed higher electrical fields and
therefore charge multiplication close to the strips.
7 Summary and Outlook
The results of the Ljubljana neutron irradiated module R3 indicate that long term annealing caused
a higher hit detection efficiency for the pixel designs with narrowed n+-implantation compared to
all other designs. As a result of this, the higher detection efficiency observed for pixel designs with
narrowed n+-implantation on the neutron irradiated sensor R1 at Sandia (see [7]) are explained as
being due to the higher temperature during the irradiation.
As this effect was not visible for the module R9, which was irradiated to a lower fluence and
annealed in shorter steps, it is not clear if it depends on the neutron fluence. Therefore, the module
R9 needs to be further investigated with additional annealing steps.
For the module R3 further annealing steps will be performed to find the maximum efficiency
of pixel design V5 and further research of the performance after reaching the maximum efficiency.
The higher hit detection efficiencies might be explained with charge multiplication which is
observed in n-in-p micro-strip detectors after neutron irradiation and long term annealing [17, 18].
To understand if the higher efficiency is caused by charge amplification, which was the intention of
the REINER pixel designs, TCTmeasurements at different voltages and annealing steps are planned
for irradiated modules. With this method the pixel designs can be investigated in the range of µm
to see which pixel parts might cause charge multiplication.
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